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Abstract
Recent BICEP2 detection of low-multipole B-mode polarization anisotropy in the
cosmic microwave background radiation supports the inflationary universe scenario
and suggests a large inflaton field range. The latter feature can be achieved with
axion fields in the framework of string theory. We present such a helical model
which naturally becomes a model with a single cosine potential, and which in turn
reduces to the (quadratic) chaotic inflation model in the super-Planckian limit. The
slightly smaller tensor/scalar ratio r of models of this type provides a signature of
the periodic nature of an axion potential. We present a simple way to quantify this
distinctive feature. As axions are intimately related to strings/vortices and strings
are ubiquitous in string theory, we explore the possibility that cosmic strings may
be contributing to the B-mode polarization anisotropy observed.
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1 Introduction
Observations of the Cosmic Microwave Background (CMB) radiation provides strong support
for the inflationary universe scenario that explains the origin of the hot big bang beginning of
the universe [1–3]. CMB temperature anisotropies measured by COBE, WMAP and Planck
are in excellent agreement with predictions of the simplest inflationary models [4–6], which also
predict a scale-invariant spectrum of gravitational waves [7] that came from the quantum fluctu-
ation of space-time during inflation [8–10]. The gravity waves generate primordial polarization,
including the so-called B-mode pattern [11–14]. In particular, the recent data from BICEP2 [15]
is consistent with predictions of the chaotic inflation (the quadratic version) model [16]. On the
other hand, the B-mode signal seen by BICEP2 can also contain small contributions from other
potential sources such as cosmic strings.
The primordial microwaves are linearly polarized, which may be decomposed into E-mode
and B-mode. Quantum (scalar) fluctuation of the inflaton (the scalar field responsible for
inflation) leads to E-mode polarization while the quantum fluctuation of space-time metric
during the inflationary epoch leads to both E- and B-mode polarizations. If the recent BICEP2
observation of the B mode polarization in CMB is confirmed, it would imply the presence of
the tensor mode quantum fluctuation and so gravity is quantized. The only known consistent
perturbatively quantized gravity theory is the (super)string theory. If string theory is the theory
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of nature, it should be able to explain the inflationary universe. Although there are a number of
explicit realizations of the inflationary universe scenarios in string theory, a typical range of the
inflaton field φ, i.e., the field range that φ evolved during the inflationary epoch, is ∆φ < Mpl,
where Mpl is the reduced Planck mass. This property simply follows from the compactification
of the extra dimensions present in string theory [17]. Following from the Lyth bound [18],
∆φ
Mpl
≥ Ne
√
r/8 (1.1)
where Ne is the number of e-folds of inflation and r is the tensor/scalar ratio. Taking 60 ≥ Ne ≥
40, we find that typical values of r satisfies r < 0.005 for ∆φ < Mpl. This is much smaller than
r ' 0.2 observed by BICEP2 [15].
One way to obtain a relatively large r value in string theory is to employ the axion fields
for inflation, which has been explored under the name of natural inflation [19–21] or axion
monodromy [22–24]. A very good feature of axion-generated inflation is the presence of the
(approximate) shift symmetry: φ → φ+ constant, a property noted some years ago [20]. As
the inflaton, this property can protect the axions from the so called η problem, namely having
too steep a potential. Being angular (or phase) fields, axions can perform helical-like or similar
motions to extend the field range, thus allowing a larger effective field range for the inflaton
[25, 26]. Since axions are ubiquitous in string theory, such scenarios should actually appear
rather naturally.
So it is not difficult to come up with models that can fit the existing data. Here we present
a simple two-axion helical model. The model reduces to a single cosine potential, which in turn
reduces to a model closely resembles the quadratic version of chaotic inflation. Following Ref [27],
we see that this feature is quite natural in a large class of axionic models in the supergravity
framework. Because of the periodic nature of an axionic potential, this cosine model can have
a slightly smaller value of r than that from chaotic inflation. This deviation is quite distinctive
of the periodic nature of the inflaton potential.
Here we present a simple way to search for this periodic feature by quantifying its deviation
from the φ2 chaotic inflation [16], a model that fits the existing data reasonably well. All physical
parameters such as the runnings of the power spectra indices can be expressed in terms of r and
the scalar power spectrum index ns, including the parameter ∆ˆ, which measures the deviation
of the cosine model from φ2 chaotic inflation,
∆ˆ = 16∆ = r + 4(ns − 1)
where φ2 chaotic inflation has ∆ˆ = 0. We show that other quantities such as runnings of spectral
indices have very simple dependences on ∆ˆ. We see that a downward shift of r from its value in
the φ2 model by as large as ∆ˆ = −0.03 (or about 20% of r) is possible. As the data improves,
a negative value of ∆ˆ can provide a distinctive signature for a periodic axionic potential for
inflation.
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However, when there are many axions, or axion-like fields, with a variety of plausible poten-
tials, the possibilities may be quite numerous and so predictions may be somewhat imprecise.
Here, we like to point out that the presence of axions would easily lead to cosmic strings (i.e.,
vortices, fundamental strings and D1-strings), which may provide a relatively clean signature of
string theory scenarios for the inflationary universe. This is especially relevant if cosmic strings
come in a variety of types and tensions and maybe even junctions. It so happens that cosmic
strings will generate some B-mode polarization as well. This provides the motivation to further
explore cosmic strings along this direction.
Although the helical inflation model generates a r value consistent with the BICEP2 result, it
typically yields a slightly smaller value. This may leave room for B-mode contributions coming
from cosmic strings. Recent analyses of the BICEP2 and POLARBEAR data [28] suggests that
some cosmic string contribution to the B-mode polarization is possible in the fitting of the B-
mode power spectrum [29,30]. In any case, since the B-mode spectrum from cosmic strings [31]
is different from the B-mode spectrum from inflation, better B-mode polarization data will either
provide evidence of cosmic strings or put a tight bound on its contribution.
This paper is organized as follows. In Sec. 2, we present the helical model. Since the scale
of the inflaton potential is essentially at the the grand unified theory (GUT) scale, it is possible
that a phase transition may have taken place during inflation. We make some preliminary
observations on this issue. Since the helical model reduces to a single cosine potential, we
suggest a simple way to pick out the key feature of a periodic potential by comparing it to φ2
chaotic inflation. This analysis is presented in Sec. 3. In Sec. 4, we discuss some properties of
cosmic strings in relation to the B-mode polarization. We give our conclusions in Sec. 5.
2 Models
We are interested in a particular potential for 2 axions of the form,
V (φ1, φ2) = V1 + V2 = V0
{
1− cos
(
φ1
f1
)
+ A
[
1− cos
(
φ1
f ′1
− φ2
f2
)]}
. (2.1)
This is a model of natural inflation with two axions φ1 and φ2. Two axions potential was written
down in [25] to produce large effective axion scale from sub-Planckian scales. The constant is
introduced so that V = 0 when it hits the minimum. Let us first introduce this potential from
the supergravity perspective and then examine it as an inflation model to give some general
properties. We believe there exist a model such that the axion directions play the central role of
inflaton while their real partner do not change drastically during inflation. This requires further
exploration of models and we focus on the axions only for this work.
3
2.1 Realization in Supergravity
The supergravity scalar potential is given by
V = eK
(
KIJ¯DIWDJ¯W − 3WW
)
. (2.2)
Consider a superpotential of the form,
W = W0 + A1e
−a1T1 + A2e−a2T1−bT2 . (2.3)
This is a racetrack like model [32,33] and T1, T2 can be any 2 moduli fields. It is natural to have
non perturbative terms for the moduli fields and these non perturbatuve terms are powerful for
moduli stabilization in string theory [34]. Due to the cross terms between W and W or DIW
and DJ¯W , terms of these forms will show up in the scalar potential,
W0 +A1e
−a1T1 +A2e−a2T1−bT2
W ∗0 W
∗
0A1e
−a1t1e−ia1τ1 W ∗0A2e
−a2t1−bt2e−ia2τ1−ibτ2
A∗1e
−a1T ∗1 A∗1A2e
−(a1+a2)t1−bt2e−i(a2−a1)τ1−ibτ2
A∗2e
−a2T ∗1−bT ∗2
The diagonal terms are independent of τ1, τ2 while the lower left triangle are the complex
conjugate of the given terms. They sum up to produce the cosine potentials,
cos(a1τ1), cos(a2τ1 + bτ2), cos[(a1 − a2)τ1 − bτ2]. (2.4)
In general, all fields except those with relatively flat potentials will quickly reach their stabilized
values. The fields with relatively flat potential would evolve over a period of time before they can
reach their stabilized values. While they are evolving towards their stabilized values, inflation
takes place. We shall assume that all other fields are stabilized except τ1 ∼ φ1 and τ2 ∼ −φ2.
This does not rule out the existence of fields with degenerate vacua. Typically they are axions
with their shift symmetry intact. We shall come back to them later. For |W0| >> |Ai|, we may
ignore the third term in Eq.(2.4).
The first 2 terms in Eq.(2.4) are the desired terms to produce the potential (2.1). The
coefficients of these cosines and the additional terms depend on the other modulus fields, most
of them are generically protected by moduli stabilization at much higher scale. At this stage,
we just assume that they are stabilized in order to ignore their motion during inflation. Ref [27]
provides a simple realization of this type of models.
2.2 The Helical Model
We will now show that how the helical model (2.1) can be similar to chaotic inflation with
consistent super-Planckian field excursion. We focus on the region φ1
f1
< 1 such that the first
4
term of the potential is quadratic like,
V1 = V0
[
1− cos
(
φ1
f1
)]
=
1
2
V0
f 21
φ21 + . . . (2.5)
The overall scale V0 is determined by fitting the scale of inflation to be the GUT scale. For the
second term of the potential, we choose f ′1  f1. Now f12pif ′1 measures the number of cycles that
φ2 can travel for 0 < φ1 < f1. Although φ2 has a shift symmetry φ2 → φ2 + 2pif2, the whole
system do not return to the same configuration after φ2 has traveled for one period because φ1
has also moved. Thus, instead of a shift symmetry, the system has a helical symmetry. This is
in fact the idea of completing natural inflation [25] and axion monodromy [23], where the field
range of φ2 can now be extended way above the scale of f2 and even beyond the Planck scale.
FIG. 1, Potential of the model (2.1). The range of φ2 is a period 2pif2 and the oscillation period in φ1
is 2pif ′1. The rising of oscillation in φ1-direction is due to V1 while the path of the trough is produced
by the second term in the potential.
As illustrated in FIG. 1, the bottom of the trough of the potential is the minimum of V2, the
second term in V (2.1). This path of the trough is given by
φ1
f ′1
− φ2
f2
= 0. (2.6)
For large enough A, this condition will be obeyed and the inflaton can roll down along this path.
Moving along the path of the trough (2.6), we see that the second term in the potential (2.1)
vanishes and so the potential V reduces to that with only the first term,
V1(φ2) ' V0
{
1− cos
(
f ′1φ2
f1f2
)}
(2.7)
where the range of the inflaton field φ2 can easily be super-Planckian.
To properly normalize the fields, one defines two normalized orthogonal directions,
X =
f ′1φ1 + f2φ2√
f ′21 + f
2
2
, Y =
f2φ1 − f ′1φ2√
f ′21 + f
2
2
, (2.8)
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the inflaton will roll along the X-direction while Y -direction is a heavy mode which can be
integrated out. Note that the system is insensitive to the magnitude of A as long as it is greater
than O(1) such that Y -direction is heavy enough. For instance, the slow roll parameters  and
η are not affected which means that the observables ns and r are insensitive to A. Since the X
path is already at the minimum of the second term, at Y = 0, the effective potential along X is
determined by V1,
V (X) = V0 {1− cos (X cos θ/f1)} ≈ 1
2
V0
f 21
cos2 θX2, where cos2 θ =
f ′21
f ′21 + f
2
2
. (2.9)
As claimed, the helical model effectively reproduces the chaotic inflation potential,
Veff (X) =
1
2
m2X2, where m2 =
V0
f 21
f ′21
f ′21 + f
2
2
. (2.10)
As we know, the field excursion in chaotic inflation is ∆X ∼ 14Mpl and Xend =
√
2Mpl, where
Mpl = 2.4× 1018 GeV is the reduced Planck mass. We can thus use this to constrain the model.
∆X = ∆φ1
√
1 +
(
f2
f ′1
)2
≈ f1f2
f ′1
> 14Mpl, (2.11)
where we have assumed that f2  f ′1 and ∆φ1 ≈ f1. In this case, we have
X ' φ2 m2 ' V0/(∆X)2
so the model is essentially reduced to a two-parameter (V0 and ∆X ' f1f2/f ′1) model, and we
have verified the second part of the claim, that the effective field range can be super-Planckian.
For instance, f1 = f2 = MGUT = 10
−2Mpl and f ′1 = 10
13GeV = 5 × 10−6Mpl will give the field
range of approximately 20Mpl. In this case
f2
2pif ′1
= 318, so φ2 can rotate 300 more times than
its period indicates. On the other hand, with the combination f1f2
f ′1
= 20, the magnitude of V0 is
fixed to be 1.5× 10−8M4pl by the scale of inflation. That is, we require m2 ' 4× 10−11M2pl.
The difference to the r value in the chaotic inflation model lies in the cosine form potential
for φ1. We have numerically solved the equation of motion for the model (2.1) with cannonically
normalized kinetic terms and evaluated the scalar spectral index ns = 1 − 6 + 2η and tensor
to scalar ratio r = 16. The slow roll parameters  =
M2pl
2
(
V ′
V
)2
, η = M2pl
(
V ′′
V
)2
are defined
along the inflaton direction and evaluated at Ne e-folds before the end of inflation. We present
a comparison between (2.1) and chaotic inflation,
Ne = 60− 50 ns r ∆ˆ = r + 4(ns − 1)
Chaotic Inflation 0.967− 0.960 0.132− 0.158 0
Helical Model (f1f2
f ′1
= 20Mpl) 0.966− 0.960 0.124− 0.150 −0.011
Helical Model (f1f2
f ′1
= 14Mpl) 0.966− 0.960 0.115− 0.141 −0.020
Experimental Data 0.9607± 0.0063 0.16+0.06−0.05
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TABLE 1, Comparison of ns and r between chaotic inflation and the helical model with
f1f2
f ′1
= 20Mpl
and f1f2
f ′1
= 14Mpl . Numbers going from left to right correspond to Ne = 60 to Ne = 50 respectively.
The ns value comes from Planck [6] while the r value comes from BICEP2 [15] after subtracting the
dust contribution. Note that BICEP2 reported r = 0.20+0.07−0.05 before this subtraction. Note that the
predicted value of ∆ˆ = 16∆ is independent of Ne.
The helical model has typically a slightly smaller r than chaotic inflation since cos(φ1/f1)
potential is less steep due to corrections from sub-leading order terms in cos(φ1/f1), such as the
−φ41/4! term. For a fixed (or precisely measured) power spectrum index ns, the number of Ne
is determined in both chaotic inflation and the helical model. The measurement of r can then
determine whether the feature of the periodic potential is present or not. This motivates us to
do a more detailed analysis of the periodic potential in the next section.
2.3 Phase Transition and Inflation
The scale of the inflaton potential is given by the value r and the amplitude As = 2.2× 10−9 of
the scalar power spectrum [6],
r ' 0.2→ V 1/4infl =
(
3pi2
2
Asr
)1/4
Mpl ' 2× 1016GeV (2.12)
This scale is very close to the grand unification (GUT) scale, so it is natural to ask whether it
is possible that a phase transition, say the spontaneous symmetry breaking of the grand unified
theory, can take place during inflation ? If so, what is the impact on the inflationary universe
scenario ? Here, let us do a preliminary investigation on this issue.
As is well known, the finite temperature effect would prevent the spontaneous symmetry
breaking of a gauge symmetry. As the temperature drops below a critical temperature Tc,
spontaneous symmetry breaking takes place. During inflation, the finite temperature effect
instead comes from the Hawking-Gibbons temperature [35], which is proportional to the Hubble
parameter H. For simplicity, let us consider
V (ϕ) = (3H2 −M2)|ϕ|2 + λ|ϕ|
4
4
+
M4
λ
(2.13)
where ϕ is a Higgs field in a specific representation of a symmetry. For example, ϕ can belong to
the adjoint (the 24) representation of the SU(5) grand unified gauge symmetry. The constant
piece is introduced so that after spontaneous symmetry breaking and inflation, the resulting
vacuum energy V (ϕ) = 0. Now, we can combine this with the potential (2.10),
V (X,ϕ) =
1
2
m2X2 + V (ϕ) (2.14)
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Note that no term of the form H2X2 is added because of the shift symmetry of X, which is
broken only by a non-perturbative effect. Spontaneous symmetry breaking of potential (2.14)
starts at
3H2 =
1
2
m2X2 +
M4
λ
= M2.
Before that the system is single field inflation with potential 1
2
m2X2 + M
4
λ
and thereafter it
becomes a two field inflation with X and ϕ. The values of M, λ are chosen such that the scale
of inflation is correct and phase transition happens during inflation. Numerical study of this
potential shows that for typical values of M,λ, the ns and r values do not change significantly.
For some extreme choice of λ, < O(10−8), r will be pushed toward a smaller value since the
constant M
4
λ
in the potential lowers the value of . Overall, we see that r may be lowered slightly
from the generic chaotic inflation value.
3 Features of the Cosine Model
We see that the helical model reduces to a single cosine model (2.9),
V (φ) = V0
{
1− cos
(
φ
f
)}
(3.1)
Although the single cosine model has been proposed before, a large value of f is necessary but
not always justified. Here, a value of f ≥ 14Mpl is fully justified in the helical model, as noted
in Ref [25] some years ago. Ref [27] shows that a large class of axionic models reduce to the
single cosine model. The periodicity of the potential is strongly indicative of axions. So it is
reasonable to treat this single cosine model seriously. Here we like to propose a simple way to
search for the distinct feature of such a periodic potential. Since the φ2 chaotic inflation model
is very simple and fits data quite well, we choose to study the cosine model by comparing with
it.
3.1 Cosine Potential versus Chaotic Inflation
Note that inflation ends when  = −H˙/H2 > 1 as φ decreases. Since there may be small terms
that may be ignored during early stages of inflation, but may become important towards the
end, we do not know the e-fold number Ne (before the end of inflation) the CMB data covers, let
us express all quantities in terms of the measurable quantities, namely, the tensor-scalar ratio
r and the power spectrum index ns. In the chaotic inflation model, we have r + 4(ns − 1) = 0.
Let us introduce ∆ to measure the deviation from the φ2 chaotic inflation
∆ =
r + 4(ns − 1)
16
. (3.2)
8
So ∆ serves as a measure of the deviation from chaotic inflation since
chaotic inflation: ∆ = 0, cosine model: ∆ = − 1
4f 2
. (3.3)
Eq.(3.3) shows that ∆ is always negative; so, for fixed ns, r in the cosine model is always
smaller than that in the φ2 model. We present in Table 2 a comparison between the chaotic
inflation and the cosine model in the slow-roll approximation,
V (φ) 1
2
m2φ2 V0
[
1− cos
(
φ
f
)]
 = 1
2
(
V ′
V
)2 2
φ2
1
2f2
cot2
(
φ
2f
)
η = V
′′
V
2
φ2
1
2f2
[
cot2
(
φ
2f
)
− 1
]
ξ2 = V
′V ′′′
V 2
0 − 1
2f4
cot2
(
φ
2f
)
ω3 = V
′2V ′′′′
V 3
0 1
2f6
[
cot4
(
φ
2f
)
− cot2
(
φ
2f
)]
ns − 1 = 2η − 6 −8φ2 − 1f2
[
2 cot2
(
φ
2f
)
+ 1
]
r = 16 32
φ2
8
f2
cot2
(
φ
2f
)
TABLE 2, Comparison between the φ2 chaotic inflation and the cosine model. We set Mpl = 1 in the
above formulae, given in the slow-roll approximation. The notations are standard.
Now we can express all quantities in terms of ∆ and r to show how the cosine model differs
from chaotic inflation. Following standard slow-roll inflation analysis, we include in TABLE 2,
besides the slow-roll parameters, the scalar CMB spectrum spectral index ns, its running
dns
d ln k
,
the running of its running d
2ns
d ln k2
, the tensor spectrum spectral index nt and its running
dnt
d ln k
.
Note that different experiments can choose different pivot wave number k∗.
V (φ) 1
2
m2φ2 V0
[
1− cos
(
φ
f
)]
 = 1
2
(
V ′
V
)2 1
16
r 1
16
r
η = V
′′
V
1
16
r 1
16
r + 2∆
ξ2 = V
′V ′′′
V 2
0 1
2
r∆
ω3 = V
′2V ′′′′
V 3
0 1
32
r2∆ + r∆2
ns − 1 = 2η − 6 −14r −14r + 4∆
nt = −2 −18r −18r
dns
d ln k
= −16η + 242 + 2ξ2 1
32
r2 1
32
r2 − r∆
dnt
d ln k
= −4η + 82 1
64
r2 1
64
r2 − 1
2
r∆
d2ns
d ln k2
= −1923 + 1922η − 32η2 − 1
128
r3 − 1
128
r3 + 3
8
r2∆− 4r∆2
−24ξ2 + 2ηξ2 + 2ω3
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TABLE 3, Comparison between φ2 chaotic inflation and the cosine model for the various physically
measurable quantities. ∆ measures the difference between the 2 models.
We see that all quantities in Table 3 can be expressed in terms of a single parameter, namely
r here, in the φ2 model, while the same quantities in the cosine model can be expressed in terms
of 2 parameters, namely r and ∆ here (or equivalently, r and ns). So there are a number of
ways to extract the value of ∆ when the CMB data improves. For example, besides Eq.(3.2),
one can extract the value of ∆ just from the temperature power spectrum alone,
8∆2 =
1
2
(ns − 1)2 − dns
d ln k
(3.4)
or just from the tensor perturbation data only,
∆ˆ = 16∆ =
r
2
− 32
r
dnt
d ln k
(3.5)
where we write the last equation in a way to remind ourselves that the shift of r from the
chaotic inflation value is actually ∆ˆ = 16∆. Here (3.5) follow from (3.2) within the slow-roll
framework. Different measurements of ∆ provide a test on the validity of the periodic potential
in slow-roll inflation. Once the model is shown to be valid, one can get a good measurement of
∆ by combining different determinations of ∆.
3.2 Bounds on ∆ˆ
As f →∞, the cosine model approaches chaotic inflation. However, f is bounded from above.
Since f ≥ 14, we see that the magnitude of ∆ can be as big as |∆| ∼ 10−3 while the CMB data
indicates that the primordial r coming from inflation is of order 10−1. So the downward shift of
r, namely ∆ˆ = 16∆, can be of order 10−2, or about as big as 10% of r.
To get an estimate of the range of ∆ˆ, recall that inflation together with CMB data implies
m2 =
V0
f 2
' 4× 10−11M2pl
So we have, using the value of Vinfl (2.12),
∆ˆ = −4M
2
pl
f 2
= −4m
2M2pl
V0
= −0.03Vinfl
V0
= −0.03(2× 10
16GeV )4
V0
(3.6)
We expect V0 ≥ Vinfl, so the shift ∆ˆ of r should be no bigger than about 20% of r. Table
3 shows that the runnings of the power spectrum indices in the cosine model can differ quite a
bit from that in φ2 chaotic inflation.
The r value shows that the inflationary scale Vinfl (2.12) is very close to the GUT scale. To
maintain the well-known coupling unification at the supersymmetric GUT scale, which is about
10
MGUT ' 2 × 1016 GeV, we should keep the string scale MS above it, so string effects do not
mess up the coupling unification. For compactification, we like to keep MS smaller than Mpl.
So
Mpl MS ≥MGUT
If V0 is at the string scale with MS ' 1017 GeV, then ∆ˆ is probably too small to be observed.
3.3 Quartic Correction to the Chaotic Inflation Model
We can expand the cosine model (3.1) to obtain
V (φ) =
1
2
m2φ2
(
1− φ
2
12f 2
+ ...
)
(3.7)
Keeping only up to the quartic term, this φ4 corrected model yields, for fixed φ,
 =
2
φ20
− 1
3f 2
, η =
2
φ20
− 5
6f 2
(3.8)
where we have chosen the same value of φ, say at φ = φ0 for both models, as in Table 2. The
formulae for the linear (in ∆) deviation in TABLE 3 apply equally well to this φ4 corrected
model.
FIG. 2 The black solid line is the prediction of φ2 chaotic inflation. The blue dotted line is the
prediction of the cosine model. For given values of r and ns, we can compare the 2 models with the
same φ = φ0 value (the red dashed line), or with the same ns value (the red solid line). In the latter
case, φ0 in the cosine model now corresponds to φn in the chaotic inflation model. The 16∆ shown in
the figure is about the maximum value one can get within the cosine model.
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Since the value of ns is relatively well measured, we may choose to fix its value instead when
comparing the φ4 corrected model (3.7) to chaotic inflation. In this case, φ has to shift to
2
φ20
→ 2
φ2n
=
2
φ20
− 1
12f 2
so
ˆ =
2
φ2n
− 1
4f 2
ηˆ =
2
φ2n
− 3
4f 2
These two different choices of reference points are shown in FIG 2. Physically, because the
cosine potential is less steep for large φ, we should start at a smaller of value of φ, namely φ0
than the value, namely φn, in the chaotic inflation to obtain the same value of ns. That is,
the same value of ns will translate to (slightly) different numbers of e-folds before the end of
inflation. As expected, this ambiguity disappears when we express all quantities in terms of
physically measurable r, ns and ∆.
In this form, our analysis can also be applied to other models such as the axion monodromy
models [22–24]. For large M :
V (φ) = m2M
(√
M2 + φ2 −M
)
' 1
2
m2φ2
(
1− φ
2
4M2
+ ...
)
(3.9)
In this case, the above analysis for the ∆ to the linear order follows if we set M2 = 3f 2. For
small M , the inflaton potential is closer to the linear form. In this case, it makes more sense to
compare the axion monodromy model to the linear chaotic inflation model.
For polynomial models, the φ4 term is more likely to enter with a positive sign. In that case,
∆ > 0 and r will be bigger than that given by chaotic inflation. However, such a positive φ4
term is absent in the cosine model.
Variations of the above model would introduce more parameters and so become less predic-
tive. Nevertheless, that may be necessary if the data gets more precise. This will also mean
that we can probe more detailed physics of the inflationary scenario.
4 Cosmic Strings
Here we like to argue that cosmic strings are quite natural to appear in any axionic models for
inflation in string theory or SUSY grand unified theory [36]. Not to confuse with the above
axionic fields meant to drive inflation, we shall call them ai here. These axions differ from the
above in that they have very small or no periodic potentials.
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4.1 Background
Among the axion fields, some may have no periodic potential while others may couple to Abelian
gauge fields. Consider a single axion field a that couples to an U(1) gauge field Aµ. Recall that
the Lagrangian density will have a term of the form
g2ρ2(∂µa− Aµ)(∂µa− Aµ)/2
which is simply the mass term for the gauge field in the Abelian Higgs model after spontaneous
symmetry breaking, with gauge coupling g and vacuum expectation value ρ. Here, the gauge
field Aµ swallows the axion to become massive in the Higgs mechanism. It is well known that
this model has vortex solutions, or local strings. More generally, we can associate a string-like
defect to every axion field. It is well-known that we may rewrite the axion field in terms of an
anti-symmetric (2-form) field Bλκ, where µνλκ∂
νBλκ = ∂µa. Here, the theory is invariant under
a gauge transformation Bλκ → Bλκ + ∂λAκ − ∂κAλ. Analogous to the gauge field case, where
every 1-form field Aµ can have point particles charged under it, we can have strings (or vortices)
charged under the 2-form field Bλκ. It is interesting to note that the Higgs mechanism, in which
the gauge field swallows the axion to become massive, may be re-interpreted as the Bλκ field
swallows the gauge field to become a massive 2-form field.
For an axion without coupling to a gauge field, it will have vortex solutions that are known
as global strings. For an axion field with a small periodic potential of the form T cos(a/f), there
are domain wall solutions. We expect to pass a domain wall as we go from a→ a+ 2pif . Finite
size domain walls are bounded by cosmic strings. As T → 0, the tension of such a domain wall
vanishes, leaving behind a closed string loop. Typically there are a number of axions and U(1)
gauge fields in a string theory mode. If the number of axions is larger than the number of U(1)
gauge fields, then some axions will lead to global strings.
Cosmic strings produced at or after the end of inflation will eventually evolve to a scaling
cosmic string network, so some of its overall properties can be reliably calculated. In general, the
string tension dictates the rough overall properties of the cosmic string network, though details
such as string tension spectrum, loop sizes and intercommutation probability are important too.
The cosmological anisotropy generated by cosmic strings is qualitatively different from that from
inflation. Inflation generates the metric and matter inhomogeneities which subsequently evolve
unperturbed. Cosmic strings, on the other hand, actively generate scalar, vector and tensor
perturbations throughout the history of the universe [37–39]. As the vector modes are completely
negligible in the inflationary scenario since they quickly decay away, B-mode polarization in
inflation comes entirely from the tensor perturbation. On the other hand, both vector and
tensor perturbations continuously generated by a cosmic string network can contribute to the
B-mode polarization [40].
Temperature and density perturbations are actively being produced by cosmic strings, so
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the power spectrum does not have acoustic peaks. The presence of acoustic peaks in the power
spectrum clearly rules out cosmic strings as the sole source of the temperature anisotropy.
On the other hand, it is still possible that a small component of the power spectrum comes
from the cosmic strings. The CMB power spectrum puts a strong constraint on its possible
contribution. Since the power spectrum generated by cosmic strings differs from that generated
by inflation, one has to be more precise. The Planck Collaboration [41] quantifies the amount of
the anisotropy contributed by cosmic strings in terms of f10, which is the fractional contribution
of strings to the CMB temperature spectrum at multipole ` = 10, f10 ≡ Cstr10 /Ctot10 . The first
year Planck data constrains it at f10 . 0.03 [41]. If there is only one type of cosmic strings with
relatively large tension µ, this corresponds roughly to Gµ < 5 × 10−7, where G = 1/8piM2p is
Newton’s constant.
4.2 Constraints
Since the scale of the inflaton potential is very close to the grand unified (GUT) scale, we expect
the typical scale of the largest cosmic string tension to be Gµ ∼ 10−7 − 10−6. This offers hope
that CMB may detect the existence of the cosmic strings, since CMB measurements may reach
Gµ ≥ 10−8. As discussed, B mode polarization may come from inflation, lensing which can
converts E-mode to B-mode, and cosmic strings. Since they have different power spectrum,
better data will be able to resolve them. Based on data from BICEP2 and POLARBEAR,
recent analyses suggest the tantalizing possibility that adding some cosmic string contributions
to the B-mode polarization is entirely acceptable, where the cosmic string contribution is close
to but within the Planck bound f10 < 0.03 [29,30].
We note that pulsar timing actually has put a much stronger constraint on the cosmic string
tension permitted than what we have allowed in the above discussion. Let us address this issue
here. In pulsar timing arrays, gravitational wave can be detected through the modulation of
arrival of pulses from millisecond pulsars due to the change in the distance between the earth
and the pulsar caused by the gravitational wave bursts emitted by cosmic string loops from
its cusps and kinks. The bound varies from Gµ < 5 × 10−7 to Gµ < 10−10 [42], depending
on the details of the loop properties of the cosmic string network [43]. This bound does not
apply to global strings since they emit gravity waves at a much lower rate, due partly to the
logarithmically divergent cores. So the above bound applies only to local string network in the
scaling limit.
One way to avoid this pulsar timing bound is to delay the cosmic strings in reaching its
scaling limit. If there were fewer cosmic strings produced during reheating, then it would take a
longer time to reach its scaling limit. With fewer strings, one suppresses the gravitational wave
bursts produced at early times and so avoids the pulsar timing bound. One way to achieve this
has been suggested in Ref [44], where cosmic strings are produced during inflation. This way,
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cosmic string density can be diluted by inflation so there were very few cosmic strings right after
inflation. Since the cosmic string tension and the energy scale of inflation are comparable, this
possibility is rather reasonable; so here, we shall take a look at its features within the framework
of the above model.
We can adapt the above model for this study. If we choose ϕ in Eq.(2.13) and Eq.(2.14) to
be a single complex scalar field, then its spontaneous symmetry breaking leads to the formation
of vortices. If ϕ couples to U(1) gauge field, then we have local strings. Otherwise, we get global
strings. Ref [44] studies this case and concludes that strings can be diluted enough so that the
pulsar timing bound can be avoided while CMB can still detect them if Gµ > 7× 10−9. If both
monopoles and strings are produced during this time, monopole density goes like 1/a(t)3 while
cosmic string density goes like 1/a(t)2 as the cosmic scale factor a(t) grows after inflation. So
the monopole density can be kept suppressed but the cosmic strings may come back to reach
the scaling network limit, which scales like 1/a(t)3 in the matter dominated epoch.
If there are more than one type of cosmic strings, it is not unreasonable that the production
of heavier cosmic strings will be suppressed, in particular those close to the GUT scale, as
discussed above. On the other hand, the production of cosmic strings with smaller tensions are
probably produced after inflation and so should not be suppressed; that is, they can quickly
reach their respective scaling limits.
5 Conclusions
We find that the helical model reproduces the (quadratic version) chaotic inflation model while
the r value may be a little smaller due to the periodic nature of the axion potential. We
quantify this deviation, a distinctive feature of axionic inflation, and argue that it can be tested
and measured with better data. Phase transition during inflation will probably have little impact
on r, or if anything, tends to lower its value.
The data may allow some room for cosmic string contribution to the B-mode polarization.
Since the B-mode power spectrum from cosmic strings differs substantially from that from
inflation, better data offers the hope of detecting cosmic string signals or provides a tight bound
on the possible cosmic string contribution.
We thank David Chernoff, John Ellis, Mark Hindmarsh, Renata Kallosh, Andrei Linde,
Levon Pogosian, Yoske Sumitomo, Alex Vilenkin and Ira Wasserman for discussions.
While this paper was in preparation, Ref [45] by Choi, Kim and Yun appeared with the same
helical model described here. After our paper, we note that Ref [46–48] also discuss the helical
or a similar model. See also Ref [49–53] for related proposals. The revised version of Ref [27]
gives a simple nice realization of the helical model within supergravity.
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